A cross-fostering experiment demonstrated that tarsus length of European starlings (Sturnus vulgaris) was heritable. The tarsus length of the foster-parent had no effect. A full-sib resemblance analysis showed that sibs were much more similar in tarsus length than explained by heritability alone. This was partly due to an effect of female mating status on offspring tarsus length. When nestling growth was retarded in secondary females' nests due to reduced male assistance, the increased environmental variation in tarsus length masked the heritability.
Introduction
Knowledge about the heritability of morphological traits in the wild is essential for understanding natural selection (e.g. Endler, 1986) . Heritability might be estimated as the resemblance between offspring and their parents (Falconer, 1981) . However, parent-offspring resemblance might also be due to parents and offspring inhabiting a common environment (Falconer, 1981) . Therefore cross-fostering experiments are necessary to determine how much of the resemblance is due to heritable variation (e.g. Boag & van Noordwijk, 1987) . This paper reports a cross-fostering experiment on European starlings (Sturnus vulgaris) to determine the heritability of tarsus length in that species.
In birds, morphological traits might be affected by conditions during growth (e.g. Boag, 1987; Dahlgren, 1987; Richner et al., 1989) . Such environmental effects might have several important effects. First, heritability estimates might depend on growth conditions (e.g. van . Secondly, natural selection might affect the environmental and genetical part of the morphological variation differently (e.g. van Noordwijk, 1988; Alatalo et at., 1990) . In the facultatively polygynous European starling, the growth conditions of nestlings depend to a large extent on the mating status of their mother, since fathers provide very little food to nestlings of secondary and tertiary females (Pinxten & Eens, 1990; Smith et a!., 1993b) . In this paper the effect of growth conditions on the final length of the tarsus and its heritability is investigated.
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Materials and methods
The study was performed in 1991-1992 in the Adult starlings were captured both before breeding and during the incubation and nestling feeding periods. Each bird captured was sexed (Svensson, 1984) and its tarsus length determined to the nearest 0.05 mm using Vernier calipers. Each bird was equipped with an aluminium ring and a unique combination of three colour rings. Repeatability (Lessells & Boag, 1987) for tarsus length was 0.82 for 52 birds captured more than once (106 captures, most birds captured in both years).
During the egg-laying period, nestboxes were visited daily to determine laying dates and clutch sizes. Eggdumping occurs in this population, but was not considered here since only about 1.5 per cent of nestlings originate from parasite eggs (Smith et at., 1993b) . Hatching date was determined by daily nest checks.
Nestlings were counted and their tarsus lengths measured 14 days after hatching of the first egg in the clutch. At this time the tarsus length of nestlings has reached 99.9 per cent of adult size (based on measurements of 1281 nestlings and 564 adult starlings; see also Feare, 1984) .
Parents were assigned to nests by observing them incubating, feeding nestlings or, for some males, by observing them defending nestboxes and building nests just before egg-laying. Male starlings attract 1-3 females (Smith et al., 1993b) . For colonies where almost all breeding males were known, we assigned a mating status to females. This was done by assuming that laying date reflects mating date which seems to be true for this population (Smith et a!., 1993b) . Females were classified as monogamous, primary, secondary or tertiary. Due to small sample sizes, secondary and tertiary females were pooled. If one female abandons her nest, another female might change mating status. In this study, mating status refers to the actual status of females when feeding nestlings.
During 1992, we performed a cross-fostering experiment. The primary purpose of this experiment was to test the adaptive significance of egg-size. Available clutches were therefore categorized in relation to egg-size as having heavy (' 7 g) or light eggs (<7 g). The day after clutch completion, whole clutches with the same number of eggs completed on the same day were swapped. Eggs in one nest were replaced by prewarmed plasticine eggs and transported in an insulated box to a second nest. The eggs in the second nest were then transported back to the first nest. Selection of clutches was random except that they were assigned to one of four categories in relation to egg-size (heavy/ heavy, light/light, heavy/light, light/heavy). Since eggsize does not affect tarsus length in starlings (Smith et a!., 1993a) this does not affect the results of this study.
When no clutch of the same size completed on the same day was available, the clutch was sham-manipulated, but these clutches are not considered in this paper. In four cases one egg was missing or destroyed and replaced with an equally sized, not incubated egg from another nest. Since nestlings were marked when hatching we could exclude this nestling from calculations for two of the nests. For the two other nests we had to exclude it together with a nest-mate since two eggs hatched simultaneously, leaving three and four nestlings to base calculations on. In total 68 experimental clutches were created, but predation by a pine marten Martes martes lowered the sample size considerably.
The fact that tarsus length is sexually dimorphic (266 males: 34.61 mm; 298 females: 33.99 mm) might complicate estimates of heritability. However, the variance was the same for both sexes (0.53 vs. 0.54, F265, 297 = 0.98, P>0.1). Assortative mating may affect heritability estimates obtained by single parent-offspring regressions and full-sib resemblance analyses (Falconer, 1981) . Males and females did not mate assortatively with respect to tarsus length in 1991 (r -0.11, N108, P0.24) but did so in 1992 (r -0.19, N=r 121, P=0.008). For two reasons I do not adjust for this effect. First, the degree of negative assortative mating was small and only significant in one year. Secondly, assortative mating did not affect the cross-fostering experiment (r = -0.19, N= 35, P = 0.27). Estimates from midparent-offspring regressions are not affected by assortative mating (Falconer, 1981) .
Statistical analyses were performed using 5Y5TA'r (Wilkinson, 1990 ). Since year did not prove to be significant in any analysis, years were pooled. Unplanned comparisons were performed using Tukey's HSD method.
Results
Among control broods there was a significant resemblance between the tarsus length of offspring and that of parents. The heritability estimates were the same when estimated with offspring-midparent regression (h2=0.44, r=0.33, N= 121, P <0.001)as when using offspring-mother regression (h2 =0.44, r = 0.28, N= 136, P=0.001). It was lower and not significant when using offspring-father regression (h2 = 0.24, r=0.13, N0.136, P=0.12).
A full-sib resemblance analysis (Falconer, 1981) of 172 broods demonstrated a between-brood component of total variance for nestling tarsus length of 0.44. This sets an upper limit of heritability to 0.88.
That this estimate is much higher than the results of the parent-offspring regressions above means that there is a large impact of the common nest-environment on sibling resemblance.
The cross-fostering experiment showed no resemblance between the offspring's tarsus length and that of the foster parents (Table 1, Fig. 1 ). There was a significant resemblance between the tarsus length of the true parents and that of the offspring, demonstrated by significant offspring-midparent and offspring-father regressions and a nearly significant offspring-mother regression (Table 1, Fig. 1 ).
Tarsus length is also affected by rearing conditions since nestlings in secondary females' broods showed shorter tarsi (F2,122=7.96, P=0.001). This was not due to secondary females having smaller tarsi, since the result also held true when analysing the effect of female mating status on the difference between the offspring's tarsus lengths and that of the midparent (F2107 = 7.00, P = 0.00 1; Fig. 2) . Offspring of secondary females showed shorter tarsi relative to parents than both those of monogamous females (P =0.001, Tukey HSD) and primary females (P=0.022) whereas those of monogamous and primary females did not differ (P =0.82).
This environmental component of tarsus length variation had an effect on the heritability estimates for control broods. For monogamous and primary females' offspring there was a significant heritability (h2 =0.52, r = 0.44, N-94, P <0.001; Fig. 3 ), whereas for secondary females' offspring there was no significant heritability (h2 0.33, r = 0.16, N= 16, P = 0.56; Fig. 3 ).
The nests included in the cross-fostering study were a random sample of females with different mating status and should thus provide an unbiased estimate of the heritability for tarsus length in this starling population.
Discussion
This study demonstrated a significant heritability for tarsus length in the European starling. Estimates from parent-offspring regression in control broods were corroborated by a cross-fostering experiment. Also, other cross-fostering studies on birds have demonstrated similar degrees of heritability of tarsus length (song sparrow Melospiza melodia, Smith & Dhondt, 1980 ; blue tit Parus caeruleus, Dhondt, 1982 ; pied flycatcher Ficedula hypoleuca, Alatalo & Lundberg, 1986 ; tree swallow Tachycineta bicolor, Wiggins, 1989) . Hence, it seems well established that body size of birds has a heritable component. Fig. 2 The deviation of offspring mean tarsus length from the midparent value for offspring in monogamous (M), primary (P) and secondary and tertiary nests (S). Standard error indicated. However, body size was also affected by growth conditions. Nestlings in secondary females' nests had shorter tarsi so that tarsus lengths were smaller that the midparent tarsus lengths. This is probably due to the lower feeding frequency in secondary nests due to less male assistance (Smith et al., 1 993b) . Similar environmental effects on body size have also been demonstrated in other studies. For example, young born late in the season (Alatalo & Lundberg, 1986) or in enlarged broods (Gustafsson, 1985; Linden, 1988; Alatalo & Lundberg, 1989 ) might develop shorter tarsi. As in the present study, Alatalo & Lundberg (1986) demonstrated an effect of female mating status in pied flycatchers which they attributed to a smaller investment by males in secondary nests. Alatalo et al. (1990) demonstrated for a population of pied flycatchers that directional selection acted only on the environmental part of the variation in tarsus length with the effect that selection on tarsus length did not produce any evolutionary response (see also van Noordwijk, 1988; Price et al., 1988) . A similar effect on starlings is plausible if nestlings from secondary females' nests show lower recruitment rates. Already in the nest, the offspring of secondary females survive less well (Smith etal., 1993b) .
We found two factors that affected our estimates of heritability. First, the heritability estimate was only significant for monogamous and primary females, not for secondary and tertiary females. A similar result was found by van Noordwijk et a!. (1988) , who demonstrated that the resemblance between great tit Parus major offspring and parents was dependent on good rearing conditions. The probable reason for this is that when feeding conditions are poor, the environmental variation is increased and masks the heritable variation.
Secondly, among control broods heritability was lower for the regression of offspring on the father than on the mother. It has been suggested that the difference in apparent heritability when using mother-offspring and father-offspring regressions is due to the lower relatedness between the putative father and the offspring than between the putative mother and the offspring (Alatalo et al., 1984; Parkin & Wetton, 1991;  but see Li1eld & Slagsvold, 1989) . However, for monogamous and primary starlings the frequency of extra-pair paternity is only 6.5 per cent as estimated by DNA-fingerprinting (H. H. Smith, unpublished data). Furthermore, the cross-fostering experiment did not corroborate this result from the control nests.
